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Recently, the rhombohedral trilayer graphene (r-TLG) has attracted much attention 
because of its low-energy flat bands, which are predicted to result in many strongly 
correlated phenomena. However, experimental evidence for these flat bands in the 
r-TLG is still missing so far since that the supporting substrates usually have strong 
destructive effects on the low-energy band structure of graphene systems. Here, we 
demonstrate that it is possible to direct probe the stacking order and electronic 
spectrum of the r-TLG on a graphite surface with a scanning tunneling microscopy 
around a monoatomic step edge of the top graphene layer. The tunneling spectra of 
the r-TLG exhibit four adjacent peaks, which are generated by the low-energy flat 
bands, flanking the charge neutrality point. Based on these spectra, the true energy 
gap and the energy gap at the K-point of the r-TLG are determined as about 9 meV 
and 23 meV, respectively. The observed features are well reproduced by a low-energy 
effective Hamiltonian. 
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Scanning tunneling microscopy (STM) is a powerful technique that has achieved great 
success in establishing close connections between crystal structures and electronic 
properties of graphene monolayer and bilayer [1-6]. In graphene multilayers, such as 
graphene bilayer and trilayer, the stacking order can dramatically impact their electronic 
spectra, and recently, it is treated as an unique degree of freedom to tune the electronic 
properties of graphene systems [3,7-22]. As an example, placing a graphene monolayer on 
top of a Bernal graphene bilayer will form two natural stable allotropes of the trilayer: one 
is the Bernal-stacked (or ABA) trilayer, the other is the rhombohedral-stacked trilayers 
(r-TLG or ABC trilayer). The subtle difference in stacking order of the two systems results 
in dramatic distinctions in their band structures and electronic properties [7-14]. Very 
recently, the r-TLG has attracted much attention because of its low-energy flat bands, 
which are predicted to result in many strongly correlated phenomena [7,23-26], such as 
spontaneous gap formation, superconductivity, and ferromagnetism. However, the STM 
fails to identify the stacking order for the graphene multilayers with the layer number N ≥ 3. 
To distinguish the two natural stable allotropes of the trilayer graphene, it was believed that 
we have to seek help from other techniques [7-14]. Additionally, a more serious obstacle 
for accessing the electronic structure of the trilayer graphene is the fact that the substrates 
usually have strong destructive effects on the low-energy band structures of the graphene 
systems [7-14,27].  
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In this Letter, we demonstrate that it is possible to probe the stacking order of the r-TLG 
on a graphite surface directly with a STM around a monoatomic step edge of the top 
graphene layer. As demonstrated previously, flat bands are manifested in pronounced peaks 
in tunneling density of states (DOS) [1,6,28-30]. Thus we also seek to experimentally probe 
the low-energy electronic structure of the r-TLG with the STM. In the tunneling spectra of 
the r-TLG, four peaks flanking the charge neutrality point, which are generated by the 
low-energy flat bands [15-17], are observed. The true energy gap and the energy gap at the 
K-point of the r-TLG [16] are determined as about 9 meV and 23 meV, respectively.  
Our experiments were performed on highly oriented pyrolytic graphite (HOPG) surface. 
The HOPG sample was of ZYA grade (NT-MDT) and it was surface cleaved with adhesive 
tape prior to experiments. There are two main advantages of using HOPG. First, 
rhombohedral graphite accounts for a few part of HOPG [31] and the surface few layers 
decouple from the bulk HOPG sample [3,32-35]. Therefore, the surface of HOPG provides 
a natural ideal platform to probe the electronic spectra of the r-TLG. Second, according to 
our result presented here, graphite is a promising substrate in maintaining the low-energy 
band structure of graphene systems. This provides unprecedented opportunities for 
accessing the low-energy fine spectra of the r-TLG. The STM system was an ultrahigh 
vacuum scanning probe microscope (USM-1500) from UNISOKU (See Supplemental 
Material [36] for experimental method).  
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 Figure 1 (color online). STM images of a r-TLG around a monoatomic step edge and its schematic 
structure. (a) A STM image of HOPG surface around a monoatomic step with the zigzag edge (Vsample = 
0.80 V, I = 0.129 nA). (b) Zoom-in topography of the white frame in panel (a) (Vsample = 0.90 V, I = 0.129 
nA). The blue curve is a typical section line across the step. The atomic structures of the first and second 
graphene layers around the step edge are overlaid onto the STM image. The topmost layer shifts by an 
atomic spacing with respect to the second layer along the perpendicular direction of the step edge. (c) (e) 
Schematic side views of ABA-stacked and ABC-stacked TLG, respectively. (d) (f) Schematic top views 
of ABA-stacked and ABC-stacked TLG, respectively. The cyan triangles represent the bright dots of 
triangular lattice in the STM images. In ABA-stacked [ABC-stacked] TLG, the distance between any two 
bright dots-which are flanking the step edge and on a line along the perpendicular direction of the 
edge-is (3N+1)a [(3N-1)a] with a = 0.142 nm and N a positive integer. (g) The measured distribution of 
the distance between the two bright dots, as defined in (d) and (f), in the experiment. 
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Figure 1(a) shows a STM image obtained on the surface of a HOPG. There is a 
monoatomic step edge on the surface and a small portion of the zigzag edge is almost 
crystallographically perfect, as shown in Fig. 1(b). Both the left and the right regions of the 
edge show a triangular contrast in the STM images because of the A/B atoms asymmetry 
generated by the adjacent two layers. These bright spots of the triangular lattice correspond 
to the sites in the adjacent two layers where one sublattice of the first layer lies above the 
center of the hexagons in the second layer. Usually, the main part of HOPG is the Bernal 
graphite and the rhombohedral graphite only accounts for a few part of the sample. 
According to STM images, it is difficult to distinguish the rhombohedral graphite and the 
Bernal graphite since that both of them show the triangular lattice in the images. Thanks to 
the crystallographically perfect edge, as shown in Fig. 1(b), we can determine the exact 
atomic arrangement of the first and the second graphene layers, as shown in the inset of Fig. 
1(b). Then, for the topmost three layers in the right region of the edge, we could 
differentiate the r-TLG from the Bernal-stacked TLG by carefully measuring the triangular 
lattice around the zigzag step edge, i.e., we can identify the relative shift of the third layer 
with respect to the second layer quantitatively, as schematic shown in Fig. 1(c)-1(f). In the 
r-TLG, the distance between any two bright dots of the triangular lattice, which are flanking 
the edge and on a line along the perpendicular direction of the edge, should be (3N-1)a with 
a = 0.142 nm and N a positive integer. In the Bernal-stacked TLG, it should be (3N+1)a 
(See Supplemental Material [36] for a typical result of the Bernal-stacked TLG on the 
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graphite surface). Such a subtle distinction is large enough in the STM measurement 
because of its ultra-high spatial resolution. Figure 1(g) shows histogram of the measured 
data, which exhibit a distribution of values around (3N-1)a. Therefore, we can conclude that 
the topmost three layers in the right region of the zigzag edge is the r-TLG.  
To further ascertain that the topmost three layers in the right region of the edge 
correspond to the r-TLG, we carried out STS measurements. Figure 2(a) and 2(b) show two 
typical spectra measured in the left region and right region of the zigzag edge, respectively. 
To remove any possible effect of the zigzag edge [28,29,37,38], the spectrum in the right 
region is obtained at about 8 nm away from it. While the spectrum in the left region shows 
no discernible structure, low-energy pronounced peaks are clearly resolved in the tunneling 
spectrum measured in the right region. The tunneling spectrum gives direct access to the 
local DOS of the surface. Therefore, these low-energy tunneling peaks are attributed to the 
signatures of the flat bands around the charge neutrality point of the r-TLG [15-17].  
The inset of Fig. 2(b) shows a high resolution (2 mV) spectroscopy around the charge 
neutrality point of the r-TLG. To ascertain the reproducibility of the results, several tens 
spectra of the r-TLG are recorded. At a fixed position, the basic features of the tunneling 
spectra are quite reproducible. At different positions, the peak heights and peak positions of 
the spectra vary very slightly, the origin of which will be discussed subsequently. The 
substrate (the bulk HOPG here) could induce an effective external electric field on the 
r-TLG [8], which generates a finite band gap in the r-TLG [8,16], as shown in Fig. 2(c) and  
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 Figure 2 (color online). STS spectra and electronic structures of the r-TLG. (a) The STS taken at the 
magenta dot in Fig. 1(a). (b) The STS taken at the green dot in Fig. 1(a). A zoom-in of the tunneling 
peaks in the spectrum (dark green dash-dotted curve) is shown in the inset. The inset also shows a 
high-resolution STS (blue curve), which exhibits four tunnelling peaks around the charge neutrality point 
of the r-TLG. All the spectra are measured at about 4.5 K. (c) Band structure for r-TLG with zero electric 
field. (d) Band structure for r-TLG with a moderately sized electric field. The true energy gap ∆E and the 
energy gap at the K-point ∆E’ of the r-TLG are indicated by green and black lines, respectively. The 
low-energy band structure direct results in the fine structures of the tunneling peaks obtained in (b). 
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2(d) (see Supplementary Material [36] for details of calculation). Two peaks in the 
spectrum with energy difference of about 9 meV are signatures of the van Hove 
singularities at the conduction band and valence band edges, as shown in Fig. 2(b) and 2(d). 
The charge neutrality point NC, which locates at the center of the two peaks, of the r-TLG is 
determined as about -25 meV. The other two peaks in the spectrum with energy difference 
of about 23 meV are features of the band gap at the K-point ∆E’, where the energy bands 
are rather flat. The theoretical result calculated by the low energy Hamiltonian [15-17] 
agrees with our experimental data quantitatively.  
The spectra in Fig. 2(a) and Fig. 2(b) also indicate that the chemical potentials in the left 
region and right region of the zigzag edge differ strongly. Such a result is attributed to 
spatial charge inhomogeneity of the sample. Similar spatial charge inhomogeneity, which 
can be caused by electron-hole puddle, topographic corrugations, charge-donating 
impurities, and substrates, has been observed previously in many different graphene 
systems [39-42]. In our experiment, the difference of the microscopic chemical potentials 
between the left region and the right region may mainly arise from the charge donation of 
the zigzag edge in the top layer of the r-TLG.    
We now turn to investigate effects of the zigzag edge on the electronic properties of the 
r-TLG. Figure 3(a) shows an enlarged STM image around the zigzag edge and Fig. 3(b) 
shows position-dependent spectra recorded along a line in the perpendicular direction of the 
edge. The graphene zigzag edge has localized states located at the conduction band and  
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 Figure 3 (color online). Position-dependent STS spectra of the r-TLG. (a) An enlarged STM image of 
the r-TLG around the zigzag edge (Vsample = 0.80 V, I = 0.129 nA). (b) Tunneling spectra acquired at 
different positions along the yellow arrow in (a). (c) From top to bottom: the charge neutrality points, NC, 
determined from the tunneling curves in (b) versus the distance from the edge; the true energy gap ΔE 
and the energy gap at the K-point ΔE’ of the r-TLG as a function of the distance from the edge; the 
height of the low-energy maximum peak of each tunneling curve in (b) versus the distance from the edge; 
a section line along the yellow arrow in (a). 
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valence band edges [28,29,37,38], which are expected to result in two low-energy peaks of 
the local DOS. The electronic density of the edge states is localized at the edge 
[28,29,37,38] and almost decreases to zero at about 4-6 nm away from the edge. Therefore, 
around the zigzag edge, both the localized states of the edge and the van Hove singularities 
of the r-TLG should contribute to the tunneling peaks around the charge neutrality point. 
Because of the superposition of their located energies, it is difficult to separate their 
contributions in the tunneling spectra measured near the edge (see Supplementary Material 
[36] for enlarged image of the experimental data). However, when the distance away from 
the edge is larger than 6 nm, it is reasonable to neglect the contributions from the edge 
states. 
Figure 3(c) summarizes several physical parameters, which are derived from the 
tunneling spectra and the STM image, as a function of the distance from the edge. 
According to the position-dependent charge neutrality point, the zigzag edge generates a 
local microscopic charge inhomogeneity in the r-TLG around the edge. Such a result is 
reasonable because of that the sublattice symmetry of graphene is broken at the edge and 
many adatoms (impurities) may hybridize directly with carbon atoms at the edge. The 
charge-donating zigzag edge not only leads to the the position-dependent charge neutrality 
point in the r-TLG, but also account for the difference of the chemical potentials between its 
left region and right region, as shown in Fig. 2(a) and 2(b). The true energy gap and the 
energy gap at the K-point of the r-TLG, as shown in Fig. 3(c), seem not being affected by 
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the zigzag edge. Both of them are almost independent of the positions (the slight variations 
of ∆E and ∆E’ are within the energy resolution of the tunneling spectra). However, the 
height of the low-energy maximum peak of each tunneling curve depends sensitively on the 
measured positions, as shown in Fig. 3(c). We attributed this behavior mainly to 
intrinsic/extrinsic ripples of the topmost graphene layer [43,44]. The bottom panel of Fig. 
3(c) shows a typical profile line of the surface graphene exhibiting ripples with wavelength 
of 1-3 nm and amplitude of 10-40 pm. These ripples could enlarge or reduce the interlayer 
distance, which consequently could weaken or enhance the interlayer coupling between the 
first and second graphene layers. This subtle distinction of the interlayer coupling can 
change the range of kx values, where the low-energy flat bands are well defined (see 
Supplementary Material [36] for details of calculation). Therefore, it can affect the intensity 
of the low-energy tunneling peaks and result in the difference of the spectra at different 
positions, as observed in our experiment. 
In summary, the stacking order and low-energy electronic spectrum of the r-TLG were 
studied carefully by using STM and STS. The low-energy flat bands of the r-TLG are 
manifested in the four adjacent peaks of the tunneling spectra. Because the low energy van 
Hove singularities or the flat bands are vital to many strongly correlated phenomena, 
therefore, our result indicates that the r-TLG is an ideal platform in exploring novel 
correlated electronic phases in graphene. 
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